A catalogue is given of a large number of "comet-tail" or "elephant-trunk" structures in several emission nebulae whose distances are known from spectroscopic parallaxes The dimensions of the comettail structures and the orientations of their axes with respect to the directions to the 0 stars exciting the nebulae are listed The forms of these structures are in general agreement with the theory of their origin presented by van de Hulst, Spitzer, Frieman, Layzer, and others. The observational evidence suggests that in the final stages of development of these structures their tips become larger in diameter than their necks and eventually break off, forming separate droplets Several different observations show that the densities in the bright ionized rims of the comet-tail structures are considerably higher than the mean densities of the emission nebulae to which they belong Finally, the application of these structures to the galactic-structure problems of locating distant 0 stars and of determining the distances of H n regions is discussed I. INTRODUCTION Emission nebulae exhibit many different types of internal structure. They generally seem quite turbulent and chaotic, and one nebula may differ very greatly in appearance from another because of differences in the amount of filamentary structure, the arrangement of condensations, the scale of density fluctuations, etc. The physical effects which form structures within the nebulae are understood only in a qualitative way.
DONALD E. OSTERBROCK are also the earliest-type O stars, but in one or two cases there are fainter Ö stars of equally early type which are omitted. The spectral types listed in Table 1 are all taken from the catalogue of Morgan, Code, and Whitford (1955) . The color measurements of Table 2 , together with the appearance of the little cluster containing both stars, strongly suggest that BD+66°1674 is an 0 star of about the same spectral type as BD+66°1675 ; hence both stars are listed in Table 1 as contributors to the excitation.
The plate numbers of the National Geographic Society-Palomar Observatory Sky Survey prints which show the nebulae studied are listed in the last column of Table 1 . Most of the comet-tail structures studied can be identified on the prints of either the blue or the red plates of these fields, but the original plates show much more detail. A 48-inch Schmidt plate of IC 1396 is reproduced in Figure 1 of the present paper, while a 200-inch plate of one of its comet tails is shown in Figure 2 . NGC 6611 is too bright to show well on the Sky Survey prints and is best illustrated by the plate taken by Humason with the 200-inch Hale telescope, indicated in Table 1 . The central part of this plate has been reproduced as Figure 4 in the paper by Spitzer (1954) .
In each nebula a number of comet tails were identified, measured, and classified on the plates, and the resulting data are listed in Table 3 . The first column gives a serial number for each tail, and in the next three columns are given the projected distance of the tip Morgan, Code, and Whitford (1955) î See text 2 Morgan, Whitford, and Code (1953) 3 Sharpless (1955) . 4. Sharpless (1954 ) 5 Sharpless (1952 . 6 Morgan, Strömgren, and Johnson (1955) 24°  25°  98°  44°  0°  45°  38°  24°  28°  21°  24°  I   o   0°   65°  70°  80°  95°  110°  115°  120°  125°  125°  125°  125°  130°  180°   I  I  I  II  I  IV  IV  IV  IV  IV  IV  IV  I   IC 1396   9  12  12  12  11  2  11  11   0 90  0 70  0 78  0 49  0 34  1 8  0 18  0 47   0 14  0 70  0 36  0 13  0 25  1 5  0 11  0 63   12   c   4   C   21°  8   C   12   c   10   c   5   C   20   c   15°  40°  100°  105°  170°  280°  295°  310°   II  I  I  I  I  I  IV  IV   S 0 45  49  31  21  24  24  89  54  50  0 65   9°  22°  40°  25°  6°  2°  12°  0°  8°  9°   B 142, 143   0 14  16  0 20   12   c   5   C   29°   P A   30   c   100   c   280°   70°  165°  170°  175°   60   c   105   c   290   c   110   c   340   c   345   c   10°  35°  50°  65°  95°  105°  170°  320°  325°  350°   85°  105°  135°   Form   II  I  II   II  II  I  III   I  I  III   I  I  I  III  IV  IV  I  I  I  I   IV  IV  IV   Î Partly continuous spectrum   § IC 423, continuousjspectrum of the tail from the center of excitation (D) ; the projected length of the tail, measured from tip to base (L); and the projected width of the tail, measured at the base (PE). All these dimensions are tabulated in parsecs in Table 3 . They were estimated on the plates to the nearest 0.1 mm, by the use of a transparent millimeter reticle, and were converted into distance units through the known scale of the 48-inch Schmidt telescope and the distances listed in Table 1 for the nebulae. Thus, as better measures of the distances of the nebulae become available, the dimensions given in Table 3 for the comettail structures can be corrected by multiplying them by the ratio of the more nearly correct distance of the nebula concerned to the corresponding distance as listed in Table 1 . Nearly all the comet tails are so irregular that the measurements are not really significant to 0.1 mm, and the second figures in the dimensions quoted in Table 3 are therefore often not significant. They are retained, however, as they do have some significance in the mean and because they will reduce rounding-off errors in later conversions to more accurate distances of the nebulae. The fifth column in Table 3 gives the apparent angle {6) between the axis of the comet tail and the direction from the tip of the tail to the center of excitation. This angle would thus be 0° if the tail pointed directly at the exciting star or stars and would be 180° if the tail pointed exactly away from the exciting star or stars; it is measured without regard to sign. These angles were measured to the nearest I o with a protractor, although in many cases they are not significant to this accuracy because of the irregularities in the forms of the tails. The sixth column gives the position angle of the tip of the tail, measured from 0° at north and increasing to the east. The center from which the position angles are measured is the exciting star in each case or the centroid of the exciting stars, and the angles are given to an accuracy of only 5°.
Each comet tail was classified into one of five groups on the basis of its form, and this classification is given in the last column of Table 3 . The scheme of classification is as follows:
I. Single comet tail not attached to any rim or attached to a rim which has a length less than twice the width of the tail at its base.
II. Single comet tail attached to a rim which has a length between two and four times the width of the tail at its base.
III. Single comet tail attached to a rim which has a length greater than four times the width of the tail at its base.
IV. Comet tail which is a member of a group of two or more tails attached to a rim. V. Comet tail which is a member of a group of two or more tails not attached to a rim.
in. DISCUSSION
The nebula S 274-8, which is a large, heavily reddened, relatively close H u region, provides a good example of the general result that the comet tails occur in nebulae which are expanding into surrounding denser, un-ionized material. In the north, west, and south the boundary of this nebula is roughly circular about the center of excitation, but in the southeast there is a deviation, and the boundary is much closer to the center. The surface brightness of the nebula is highest in the southeast, and there is especially heavy absorption outside the boundary in that direction. The over-all appearance suggests that the density of interstellar material is highest southeast of the involved stars and that the expansion is therefore slower and the density after the expansion higher in this region than in the other parts of the nebula.
IC 59 and IC 63, the nebulae near y Cas, appear to be objects similar to the normal comet-tail structures listed in Table 3 , although there is no emission nebula surrounding the star. It might, however, be thought that there is a low-density H n region, too faint to be observed, around y Cas. This H u region would have to have a radius of approximately 0.9 parsec to include these two tails, and the table of Strömgren (1939) , reduced to the absolute magnitude of y Cas, shows that, if the boundary of the H n region were DONALD E. OSTERBROCK an ionization front, the mean density inside it would be approximately 200 H atoms/cm 3 . This density in turn corresponds to a mean emission measure (Strömgren 1948 ) of about 4 X 10 4 , which is so large that the H n region would be quite bright and would certainly be observable (for comparison, the emission measure at the center of NGC 2237-2244, the nebula around the 12 Mon cluster, is about 6 X 10 3 [Strömgren 1951] ). This interpretation is therefore untenable.
Another possibility is that surrounding 7 Cas there is a low-density unobserved H 11 region, which is not bounded by an ionization front (except in the directions of IC 59 and IC 63) but rather by a decrease in density (Johnson 1955) . In this case, though, since the tails are composed of dense, neutral material, there would still be an ionization front, which would appear as a bright rim, between them and the H11 region. This rim would have an emission measure of approximately 1.5 X 10 4 , a value which depends only on the properties of the star and is independent of the density of the interstellar matter (Strömgren 1948) . Actually, comparison of red and blue plates with plates taken in a spectral region free from emission lines (XX 5500-6200) shows that the radiation from IC 59 is chiefly a continuum, with little contribution from the emission lines, while IC 63 and also the fainter nebulosities between IC 59 and IC 63 and east of IC 63 have an emission-line spectrum with some continuum. IC 59 has a uniform appearance without any bright rim; IC 63 has an emission rim which may be as bright as the calculated value above would indicate. Therefore, this interpretation may be correct, but the weakness of the hydrogen emission lines in IC 59 suggests that a considerable fraction of the ionizing radiation from 7 Cas is absorbed in its well-known shell (see, e.g., Merrill and Burwell 1943, 1949) , at least in certain directions outward from the star. At any rate, the density of the ionized material between 7 Cas and the tails must be quite small, a result which suggests that in this case the force responsible for the formation of these tails may be radiation pressure rather than gas expansion.
B 142, 143 appears to be a system of three comet-tail structures which show in absorption on a very rich star field. There is no sign of emission nebulosity associated with the tails, and there is no bright O or B star anywhere in the vicinity. The tails appear to be associated with HD 184884, a 6.5-mag. star with Draper type A2. There is more dark material north of the star, catalogued as B 334, 336, 337, which seems to form two more comet tails, somewhat less well defined, probably pointing south at the same center. These two tails are not included in the catalogue of Table 3 . The distance quoted in Table 1 for this system is computed on the assumption that the MKK spectral type of HD 184884 is A2 V, an assumption which may be considerably in error (Slettebak 1954) . The density of a hypothetical H11 region surrounding this star and extending as far as the tails would be only about 0.1 hydrogen nucleus/cm 3 , according to Strömgren's (1939) tables, and the region would therefore be far too faint to be observed. It appears quite likely that gas expansion is not the force responsible for the formation of these particular tails, and radiation pressure seems to be the most likely remaining possibility. Table 3 shows that the comet-tail structures have a wide range of dimensions. However, the average values of the dimensions have some interesting properties which may be compared with the Rayleigh-Taylor instability theory. Table 4 lists separately for each classification by form the number of examples in Table 3 , the average length, and the average value of the ratio of length to width, and then the same averages for groups I, II, and III together (single tails) and for groups IV and V together (multiple tails). The two systems IC 59, IC 63, and B 142, 143 are omitted from these statistics, which therefore refer only to comet-tail structures in easily visible emission nebulae. It can be seen from this table that the average ratio of length to width is approximately the same, about unity, for all groups, while the average length of a single tail is considerably greater than the average length of a multiple tail.
Frieman (1954) has shown that, according to the theory of Rayleigh-Taylor instability, there is a particular wave length which an arbitrary disturbance will seek out and which will give maximum growth of the resulting comet-tail structure for a given initial amplitude and elapsed time. This same result holds in the more accurate treatment of Layzer (1955) ; however, the simpler approximation is sufficient for the present purpose. Frieman has calculated dimensions of comet-tail structures of various initial amplitudes, assuming an elapsed time of 10 6 years and uniform acceleration during this whole time of the nebular material, which is assumed to start from rest and to reach a final velocity of 13 km/sec. We shall compare these calculations with the average dimensions of the observed comet tails. First, however, we must notice one rather obvious difference between the forms of the structures as predicted by the simplified theory of RayleighTaylor instability and the forms of the observed structures. The theory presented by Frieman and Layzer refers to an initial disturbance, periodic in space, which grows to form a set of comet-tail structures in the same periodic arrangement. The majority of the observed tails, however, are single structures. This is no doubt due to the complexity of form and to the turbulent velocity field of the actual nebulae in contrast to the idealized uniform structure without turbulence for which the theory has been developed. Furthermore, this theory shows not only that "spikes" of the denser material grow into the rarer material but also that "bubbles" of the rarer material penetrate into the denser. The observed comet tails are presumably the spikes, but in most cases there is no observed feature that can be identified with the bubbles, as the bases of the tails simply flare out and become tangent to the rim bounding the H n region. This difference is no doubt related to the difference between single tails and multiple tails.
To convert Frieman's calculated values into a form comparable with the observed dimensions, the total length of a comet-tail structure has been taken to be the sum of the length of the spike and of the bubble, that is, Z = + r) by and the width has been taken to be the same as the wave length, W = 2tX. The left side of Table 5 gives the length and the ratio of length to width for the tail of maximum growth for each assumed DONALD E. OSTERBROCK value of the initial amplitude of the perturbation, r/o, and is derived from Table 1 (with a = 1) in the paper by Frieman (1954) . Although the computed lengths are of the same order as the observed lengths, the computed ratios differ greatly from the observed ones, in the sense that the tails are actually not so wide as the calculations would indicate. Now it must be noted that the projected width of a tail is equal to its true width, since the tail is more or less symmetric about its axis, while its projected length is smaller than its true length. The average projected length is tt/4 of the true length, however, even if the tails are distributed at random, so this effect cannot make the two sets of ratios comparable. Furthermore, it is impossible to choose any acceleration, g, and time, /, for which calculations according to Frieman's formulae will match the observations of both the length, L, and the ratio, L/JF, of the observed tails. The reason for this fact is that both the length and the width of the tail of maximum growth are essentially determined only by the product gt 2 . In the right part of Table 5 are listed computed values of dimensions of the tail for a shorter time scale and a larger acceleration than those chosen by Frieman; they are meant to illustrate the point that the ratio L/W is, in addition, relatively insensitive to a change in L by a factor of 2.
This disagreement between the relative dimensions of the observed tails and the relative dimensions predicted by the theory cannot be explained on the basis that a single tail grows differently from one of a number of periodic tails, expanding in width as well as length, because the multiple comet tails (groups IV and V) have the same average ratio of dimensions as the single tails (groups 1, II, and III). Therefore, it must be that the tails in emission nebulae do not grow long enough to reach a state of maximum growth, but that some perturbation not considered in the elementary theory of RayleighTaylor instability prevents them from becoming more than a few times longer than their width. Comet-tail structures with the observed dimensions can certainly be formed according to the Rayleigh-Taylor theory. For instance, a tail with a width of 0.9 parsec will grow to a length of 1 parsec in about 3 X 10 5 years if the acceleration is 4 X lO
cm/sec 2 , as in the right part of Table 5 , and if the initial amplitude is 10~4 parsec. We must only suppose that there is an effect which keeps it from growing much longer and which keeps the tail of maximum growth, which for these conditions has a length of 2.5 parsecs and a width of 0.4 parsec, from forming (all calculations are made by the use of Frieman's theory with a = 1).
The observations suggest that the effect which prevents the formation of long, narrow comet-tail structures is a perturbation which breaks up these structures before they become very long in comparison with their width. Several tails which have a relatively large ratio of length to width have larger widths at their tips than farther back toward their bases. Examples are No. 2 in NGC 6611, and two structures in IC 410, listed as S 129 and S 130 in the catalogue of Shajn and Hase (1952) , which are comet tails probably associated with the 08 star HDE 242935. Figure 3 shows schematically the evolution of a comet-tail structure, as suggested by the forms of examples with various ratios of dimensions. A still later stage of development, not shown in this drawing, seems to occur when the tip breaks off completely from the tail and forms an isolated absorption structure, closed at both ends. Examples of such isolated blobs are Nos. 13 in NGC 6611 and 9 (IC 423) in a Ori. The perturbation which tends to break up long, narrow spikes does not appear in the elementary theory of Rayleigh-Taylor instability, but it may be a consequence of the Helmholtz instability mentioned by Frieman (1954) .
The fact that the multiple tails tend to be smaller than the single tails can be understood as a consequence of the theory of Rayleigh-Taylor instability; for, according to this theory, as Layzer (1956) has noted, the largest member of a group of spikes will tend to expand and swallow up the smaller members of the group. Thus a group of small multiple comet-tail structures evolves not into a group with the same number of large multiple structures but rather into one large structure. An example of a comet-tail structure which appears to be two spikes coalescing into one is No. 2 in IC 1396 
EMISSION NEBULAE 631
The observations summarized in this section show a general agreement with the elementary theory of Rayleigh-Taylor instability. There are also, however, a number of effects not predicted by this theory, which remain for theoretical interpretation.
IV. DENSITIES
The comet-tail structures are supposed to have higher densities than the emission nebulae in which they occur. That this is, in fact, true is proved by the heavy absorption in these structures, shown, for example, in Figure 2 , made from a 200-inch direct plate of comet tail No. 6 in IC 1396. The rims should have densities intermediate between the density of the comet tails and that of the main bodies of the nebulae, and, as these rims occur in emission, photometric methods of measuring densities may be applied to them. The present section describes two quantitative measurements and one qualitative estimate of densities in the rims of various comet-tail structures. The first method is the observation of the X 3727 intensity ratio in the rim of the comet-tail structure in NGC 2264, south of the 07 star S Mon. A reproduction of this structure, made from a 200-inch plate taken by Humason, is available as Mount Wilson and Palomar Observatories photograph No. 10. The spectrograph and calibration equipment have been previously described (Osterbrock 1955) , and the spectra were taken with the slit east-west, on the rim at the northern tip of the comet tail. There is a faint star in the rim, and the spectra were measured separately on either side of this star, with the results listed in Table 6 . In this table the column headed "A.D." gives the average deviation of a single plate from the mean, while the last column gives the electron density, computed from the mean intensity ratio by the use of the formula derived by DONALD E. OSTERBROCK Seaton and Osterbrock (1957) with an assumed temperature of 10000°. The mean of both sides, 260 electrons/cm 3 , is considerably greater than the typical mean density of an H ii region, a result in agreement with the idea that the comet-tail structures have high densities and that the rims have intermediate densities.
Another density estimate in a rim was made by analyzing the direct plate, which is reproduced in Figure 2 , of comet tail 6 in IC 1396. The rim may be seen to be irregular, with many small-scale structures in it, an indication of instability in the tail. In the relatively smooth parts of the rim it may be seen that the brightness gradient is much steeper on the side of the rim away from the exciting star than on the side toward the star. Two smooth regions of the rim were traced with the microphotometer of the California Institute of Technology, in order to determine the intensity profile across the rim. The calibration was provided by a wedge spectrogram taken on the same emulsion 12  26  80  46  72  10  56  88  49  18  95  65  36  24  19   0 00  0 07   0 32  0 45  0 98  62  87  24  68  98  56  23  0 as the direct plate and developed in a manner similar to that of this plate. However, the two plates were not developed together, and the calibration is somewhat inaccurate for this reason.
The resulting intensity profiles across the rim at two different points are presented separately in Table 7 . The first column gives the distance, in centimeters on the microphotometer tracing, measured in the direction perpendicular to the rim from the point of maximum intensity. The magnification is such that 1 cm = 0.184 mm on the original plate == 2''05 = 6.85 X 10 -3 parsec at the distance of 690 parsecs given in Table 1 for IC 1396; the corresponding distances in parsecs are listed in the second column of the table. In the next column are tabulated the measured intensities, 7, in an arbitrary unit, at one position in the rim. These intensities are due to background light emitted by the nebula in which the comet-tail structure is imbedded, as well as to light emitted by the rim itself; but, since the intensities are sensibly constant beyond both ends of the range tabulated, the background on either side of the rim can be evaluated. This background is lower on the side away from the star, because absorption in the comet-tail structure cuts off the light from the part of the nebula behind it. The variation of the background across the rim depends on the absorption and cannot be evaluated exactly from the available data, so the background correction / 0 has been linearly interpolated between the limiting values on the two sides of the rim. The quantity / -/o, the intensity due to light emitted in the rim itself, is listed in the fourth column of Table 7 .
The direct plate was taken through an RG-2 filter on a 103a-E plate, covering the wave-length range XX 6400-6700; hence the intensity measured is that of Ha together with the red [N n] lines. The intensity is therefore proportional to the square of the density and to the path length, but, since the thickness of the rim is small in comparison with the radius of curvature of the comet-tail structure, the curvature can be neglected, and the path lengths can be assumed to be, to a first approximation, all equal. The elec- tron density is then proportional to the square root of the intensity and is tabulated in the fifth column of Table 6 , in units of the maximum electron density in the rim. In the right part of Table 7 the same data are given for the density profile across another point in the rim of the same comet tail, and the profiles of electron density for both points are plotted graphically in Figure 4 .
It may be seen that on the side of the rim toward the star the density varies with a characteristic length of approximately 0.1 parsec. This must be interpreted as a continuous density increase between the rarefied nebula and the dense comet-tail structure. On the other side of the rim the density falls much more rapidly. This is probably not a decrease in the number of nuclei per unit volume but rather a decrease in the ionization, for this method measures essentially the density of hydrogen ions per unit volume. Since Strömgren (1939) has computed the law of variation of ionization at the boundary of an H ii region, a comparison of the observational profile with his calculated profile provides an estimate of the density in the rim of the comet-tail structure. According to Figure 4 , the drop in density from N/N m^ = 0.9 to N/N m&^ = 0.3 occurs in a distance of about 0.023 parsec. If the ionization at iWA^nax = 1.0 is assumed to be x = 0.9 and if the density gradient is ignored, then Table 3 and equations (9) and (10) of Strömgren (1939) show that this distance is, in his notation, 11.5 aso/3. Furthermore, from equations (13) and (16) it follows that aso = 3/na u , where n is the density of hydrogen nuclei per unit volume and a u is the mean absorption cross-section for the ionizing radiation per DONALD E. OSTERBROCK neutral hydrogen atom. Since the temperature of the exciting star is 50000°, the numerical value of a u is approximately 2.5 X 10~1 8 cm 2 (Eberlein 1955) , and the density computed by this method is thus about 60/cm 3 . The observed profile does not match the computed fall in ionization in detail, a result no doubt due to the inaccuracies in the photometric measures and to the approximations made in interpreting them, but this value for the density must be correct at least in order of magnitude. The density in the rim of this comet-tail structure is therefore also considerably higher than the mean density of the H n region itself.
A qualitative indication of the high density in the rims of comet-tail structures is provided by a comparison of direct photographs with different filter-plate combinations. The upper part of Figure 5 This proof of the high density in the rims is not new; the strengthening of Hß relative to the [Om] lines in the rims of comet-tail structures in M16 and M20 was first observed by Thackeray (1950) , while the interpretation in terms of a high density in the rims was given by Miyamoto (1956) .
All the observations described in this section indicate a relatively high density in the rims of comet-tail structures. It appears quite likely that the densities within the comet tails themselves are even higher. We can thus take 100/cm 3 as an extreme lower limit to the particle density in one of these structures, with 1000/cm 3 as a perhaps more likely value. The lower limit to the mass of a typical structure with a length of 1 parsec and a width of 1 parsec is then approximately 1 solar mass, with 10 solar masses the more likely value. These masses are of some interest in connection with ideas concerning star formation from dense interstellar matter.
V. GALACTIC-STRUCTURE APPLICATIONS
Among the goals of this study, when it was begun, was the determination of whether the dimensions of the comet-tail structures are sufficiently homogeneous to be used to determine the distances of the nebulae in which they occur. It appears from Table 3 that the range in dimensions is too great to make this method applicable. It seems more likely that when the comet-tail structures are better understood theoretically, it will be possible to use their dimensions to estimate the ages of the individual nebulae.
In many emission nebulae, however, the comet-tail structures point to the exciting star with sufficient accuracy that it may be identified from this property alone. This has immediate application to the galactic-structure problem of locating faint or distant O stars. For instance, the comet-tail structures in NGC 7000, IC 5067, and IC 5070, the North America Nebula complex, indicate that, although HD 199579 is the exciting star for the northern part of this nebula (Sharpless and Osterbrock 1952) , there is another center of excitation in the heavily obscured Gulf of Mexico area. It also appears likely that large-scale direct photographs of distant emission nebulae will make it possible to identify distant O stars in this way.
VI. CONCLUSION
The observations of comet-tail structures presented in this paper are in reasonable agreement with the simplified theory of Rayleigh-Taylor instability, although none of the comparisons are very critical. The observations go beyond the available theory in some respects, for instance, in suggesting the importance of radiation pressure in some cases, in indicating a short lifetime of the structures and their mode of dissipation, and in giving the density in their rims. A more nearly complete theory of these structures, including the effects of compressibility, ionization, density fluctuations, and turbulence, would be of great interest. An observational study of the structures is continuing at this observatory.
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